The benefits of 2 × 1 multiple-inputs-single-output scheme for transmitter diversity in the infrared indoor optical wireless communication link are theoretically investigated. The performance of repetition-coding (RC) and Alamouti-type realvalued space-time-block-coding (STBC) as effective transmitter diversity schemes is systematically compared under conditions of channel gain variation caused by the degradation in the received optical power due to the blocking of one optical beam of the optical wireless channel. It is shown that the linear addition of channel gains in the RC scheme outperforms the root-sum-square of channel gains in the STBC scheme with regards to the bit-error-rate (BER) performance. Proof-of-concept experiments are carried out with both schemes under emulated scenarios of channel blockage. The RC scheme exhibits better BER performance when observed experimentally, validating the proposed theoretical model for the two spatial diversity schemes. To understand the performance of RC and STBC schemes against the optical delay caused by the two optical channel path difference within one-bit interval, both schemes are experimentally investigated using on-off-keying modulation, and results show that RC still outperforms STBC. Both theoretical and experimental results indicate that RC has better robustness to channel blockage and differential channel paths induced optical delay.
connectivity is widely predicted due to the increasing real -time high-speed information exchanges of end-users as well as emerging ultra-broadband applications, such as virtual reality and augmented reality (VR and AR) [1] [2] [3] . Generally, such high-speed access to indoor connectivity will need to be provided wirelessly, as it offers significantly improved flexibility. Compared to the widely-used radio frequency (RF) wireless technologies, such as Wi-Fi and millimeter-wave, the optical wireless communications (OWC) technology is a promising alternative [1] . Optical wireless channel with narrow beams offers inherent physical layer security due to signal confinement within the beam, immunity to electromagnetic interferences due to optical transmission, scalable bandwidth delivered via unregulated optical spectrum and the ability to utilize the existing and new fiber infrastructure of optical access and in-building distribution networks [4] , [5] .
The most popular realization of OWC with high-speed wireless connectivity is based on the line-of-sight (LOS) link configuration. The LOS link has high optical power efficiency and low multipath distortion, yielding a high signal-to-noise-ratio (SNR) performance at the receiver, which facilates higher achievable data rates. However, to establish such a LOS link, strict optical alignment is required, and the optical wireless channel is also susceptible to optical beam blockage, arising from objects and mobile users. To provide enhanced robustness for the indoor OWC systems, other link configurations can be used, such as the diffused and the scattered links where the reflected lights from the diffusely reflecting surfaces are utilized [6] , [7] . However, these links are subjected to multiple path fading, severe optical losses, and significant background light noises due to the wide field-of-view (FOV) receivers that contribute to the performance degradation. Consequently, optical transmission power beyond the laser safety limit and a compromise on achievable data rate is often required [8] [9] [10] .
To achieve a high data rate indoor OWC link fully compliant with the laser safety regulation, a number of LOS link configurations with robustness against physical optical beam blockages have been proposed. In [11] , [12] , a backup mmwave RF system with footprint covering the entire optical beam coverage area has been reported, which can be activated on demand to address the narrow pencil beam blockage. Besides, in [13] , multiple spatial light modulators (SLMs) based beam steering base stations with wide FOV to broadcast light have been proposed, which can support beam coverage within entire room and the potential for a backup OWC link for beam blockage. To provide OWC link redundancy, spatial diversity can be introduced in the LOS link configuration to enhance the channel reliability [14] , [15] . To achieve spatial diversity in the OWC downlink, multiple-inputs-single-output (MISO) and multipleinputs-multiple-outputs (MIMO) channel configurations are two widely-used options, where the MISO configuration achieves transmitter diversity, and the MIMO configuration achieves the combination of transmitter diversity and receiver diversity [15] , [16] . Compared to the MIMO configuration, the MISO configuration only requires single receiver, which can reduce the complexity and power consumption to achieve compact and portable end-users, and the cost of extra transmitters can be shared by multiple end-users. Therefore, in this paper, we investigate transmitter diversity schemes with the MISO configuration in LOS based infrared indoor OWC systems. When an optical beam is partially blocked at the receiver, i.e., the FOV of receiver is not fully blocked, the induced optical power degradation can be alleviated with the cooperation of optical power from extra transmitters. In such case, if the required optical power is satisfied at the receiver side, a high data rate link can still be maintained. On the other hand, when no optical beam blockage exists, the optical beam coverage area can be broadened by steering the beams to different directions, and hence supporting better user mobility [12] , [13] .
Regarding the signal coding scheme for transmitter diversity in conventional RF wireless systems, both repetitioncoding (RC) and Alamouti orthogonal space-time-block-coding (STBC) schemes have been proposed and widely used in MIMO or MISO configurations, where identical signals are transmitted in the RC scheme while orthogonal signals are transmitted in the STBC scheme. It has been shown that the STBC scheme offers the capability of combating channel fading, whilst the RC scheme fails to provide diversity gains due to its potential destructive interference caused by the coherent addition of different RF signal fields [17] . Similarly, in coherent OWC systems, the STBC scheme has been studied in both heterodyne free space optical (FSO) links to combat turbulence-induced fading [18] , and homodyne indoor OWC links to increase the system capacity and the coverage [19] . However, in practical indoor OWC scenarios, due to the requirements of low system complexity and low cost, intensity modulation/direct detection (IM/DD) is preferred. Different from RF systems or coherent OWC systems, in IM/DD based indoor OWC systems, optical signal intensities, rather than signal fields, are added at the receiver [17] . In addition, the channel characteristics in indoor OWC systems are highly distinct from outdoor FSO links, where the dominant limiting source in outdoor FSO link is channel fading governed by turbulent conditions [20] [21] [22] , whilst the optical propagation loss and the background light noise are the key limiting factors in indoor OWC links [23] , [24] . Furthermore, additional optical propagation loss can be introduced by the optical beam blockage due to the mobility of indoor users. For indoor OWC systems, LED-arrays and lasers are two typical optical sources. In LED-arrays based systems, RC or STBC scheme together with advanced modulation formats and digital signal processing technologies have been carried out to improve the system performance [25] [26] [27] . In such transmitter diversity schemes, the spatial dimension has been used to provide redundancy for reliable communication, and often, the data rate is limited [28] , [29] by the the lower modulation bandwidths of current LEDs [30] . Therefore, for higher data rate transmissions, it is necessary to further investigate transmitter diversity techniques, including both STBC and RC schemes, to reduce the impact of optical beam blockage and extend the beam coverage area in indoor infrared based OWC systems, where broader bandwidth lasers are commonly used.
Previously, we have experimentally demonstrated 10 Gb/s 2 × 1 MISO indoor OWC systems employing RC and STBC schemes, and preliminary results have indicated the tolerance of both schemes to the optical beam blockage [31] . In this paper, we further develop a theoretical framework to investigate the capabilities of the RC and STBC schemes in general infrared indoor MISO OWC systems. The theoretical framework of the bit-error-rate (BER) performance with respect to the transmitter diversity technique, the channel gains, the possible beam blockage, and the received optical power, is established. Verification experiments are carried out with both RC and STBC schemes, in which the optical beam blockage scenarios are emulated by different optical transmission power distributions. The impact of optical delay caused by the optical channel path difference in the RC and STBC schemes is also investigated. Experimental results align with the theoretical study, and show that the RC scheme outperforms the STBC scheme by ∼2 dB in the receiver sensitivity. Besides, the same receiver sensitivity is maintained for different power distributions in the RC scheme due to the same SNR with a fixed total received optical power, while the BER performance varies with the transmitted power distributions in the STBC scheme. Furthermore, experimental results for the impact of channel propagation delay show that within one-bit interval optical delay using the on-off-keying (OOK) modulation, RC always outperforms STBC with better receiver sensitivity. In this paper, our work mainly focuses on the theoretical and experimental analyses of the two coding schemes for indoor downlink with transmitter diversity, and consequently we have not investigated the uplink scenario. The compatible infrared OWC uplink approaches have been reported in [11] , [13] , [32] .
II. THEORETICAL MODELS AND SIMULATION RESULTS
The schematic block diagrams of RC and STBC schemes based 2 × 1 MISO infrared indoor OWC systems are shown in Fig. 1 , in which the OOK modulation is employed in both cases due to its simplicity. In these systems, digital signals are firstly coded by RC or STBC encoders, and the resulting signals are used to modulate the optical carriers and sent to two transmitters (known as Tx 1 and Tx 2 ). The transmitters launch modulated optical signals to the free space, and after free space propagation, the optical signals are detected by a photodetector (PD). The converted electrical signal is then decoded accordingly in offline signal processing.
In this case, the channel gain, h i , from Tx i (i = 1 or 2) to Rx, explicitly comprises the electrical to optical modulation gain are constants, and their product is denoted as α i . Hence, the total channel gain h i is given by
For the RC scheme, identical signals are sent from both transmitters in each bit interval, as shown in Fig. 1(a) . If the two optical channels are well synchronized, the two optical wireless transmission power levels P tx i (i = 1 or 2) are linearly combined at the PD. Therefore, the photocurrent I rx is illustrated as
where R d is the photodetector responsivity, n is modeled as the additive white Gaussian noise (AWGN) with main contributions from shot and thermal noises. Therefore, the electrical signal-to-noise ratio (SNR) [6] at the receiver for the RC scheme is
where σ 2 shot and σ 2 thermal are the shot and thermal noise variances, respectively, q is the electron charge, P bd is the average background light power, I 2 is the noise bandwidth factor, Δf is the receiver bandwidth, k B is the Boltzmann's constant, T is the absolute temperature, and R L is the equivalent input resistance. For the SNR approximation, we neglect the field-effect transistor (FET) 1/f noise and the FET white channel noise in the thermal noise variance [6] , [32] .
If the two optical wireless channel gains h o_w_c i (i = 1 and 2) are known at the receiver, the conditional BER for RC using OOK modulation follows the relationship [6] , [17] BER| h o_w_c 1 and h o_w_c
On the other hand, for the STBC scheme, as shown in Fig.  1(b) , during the first bit interval T 1 ,s 2 is sent from Tx 1 and s 2 is from Tx 2 , and in the second bit interval T 2 ,s 2 is from Tx 1 and s 1 is from Tx 2 [33] . Here, the bitwise-not signals 2 is used to ensure the non-negative real-value Alamouti-type STBC signal detection. Similarly, in synchronized channels, the two transmitted optical wireless channel powers are linearly combined upon reception. However, since two bit intervals are used for each pair of STBC signals, the photocurrent vector in the two consecutive bit intervals is shown as
where the transmission power matrix (
) corresponds to the modulated electrical signal matrix ( s 1 s 2 s 2 s 1 ), and n is the noise vector. Using the maximum-likelihood (ML) decision, the electrical SNR at the receiver for the STBC scheme is given by 
where P tx i = P tx i_T 1 = P tx i_T 2 (i = 1 or 2) is the average transmission power in the corresponding channel. Similarly, the conditional BER for STBC using OOK modulation can also be calculated by (4) [17] .
Using the theoretical framework shown by (2)-(4) and (4)-(6), the BER performance of both RC and STBC schemes in infrared indoor OWC systems is numerically simulated, and simulation results are shown in Fig. 2 . Here, the received optical power is 2 1 h o_w_c i P tx i , which is the total received power from both transmitters. For simplicity, we assume that the two OWC channels have identical transmission optical power levels, expressed as h o_w_c
When an optical filter-based photodetector is utilized with the responsivity R d = 0.8 A/W, we assume that the infrared background light power P bd is negligible. The transmission data rate is assumed to be 10Gb/s with OOK format. It can be seen from the simulation results that the RC scheme outperforms the STBC scheme by ∼2 dB in the receiver sensitivity. This is consistent with the theoretical analysis shown in (3) and (6) In the following experimental demonstrations, the measured BER results obtained from different transmitted power distributions using both RC and STBC schemes will further verify the aforementioned theory. Fig. 3 shows the proof-of-concept experimental setup for verifying the theoretical framework on RC and STBC schemes in infrared indoor OWC systems. RC or STBC encoded OOK signals were generated with an arbitrary waveform generator (AWG, using two separate channels). Then the two 10 Gb/s signals were amplified and used to modulated two laser sources with wavelengths of 1550 nm and 1549 nm, respectively. Two wavelengths were used to avoid the possible interference at the receiver if the same wavelength was used for both channels. This can enable better comparative investigation of the two coding schemes. An optical attenuator was employed after each modulator to vary the transmitted optical power and hence, to emulate power fluctuations due to the optical beam blockage in OWC channels. An optical delay line was also inserted in one of the links to introduce controllable optical path delay. Here, we focused on less than one-bit interval delay caused by channel path difference, since the delay more than one-bit interval can be recovered by channel training, whilst less than 1-bit delay is difficult to deal with since it requires precise synchronization. At each pigtailed fiber-based transmitter end, the optical signal emitting to free space had a 16°beam divergence with a maximum output power of 4 dBm, and hence, the maximum power level of the combined two beams was still under the eye laser safety level [9] . Two OWC beams were close to each other in 1-meter OWC link to ensure both beams were efficiently focused by a specially designed lenses system and then detected by a multimode fiber (MMF) coupled PD. AR-coated lens was used to ensure the visible background light were substantially attenuated. Furthermore, the diffused indoor infrared and visible background light was difficult to be coupled into the MMF coupled PD due to the numerical aperture limit of fiber. Finally, the converted electrical signal was sampled by the digital signal oscilloscope (DSO) for offline signal processing.
III. EXPERIMENTS AND RESULTS
The measured BER results with only one active channel are shown in Fig. 4 (a) as a benchmark. This measurement was taken without any optical beam blockage in the OWC channels. Hence, the two optical wireless channel gains were similar, i.e., h o_w_c
. From the BER results in Fig. 4 (a) , it is obvious that the two total channel gains are similar, i.e., h 1 ∼ = h 2 . Therefore, it is deduced from (1) With optical beam blockage, the optical wireless channel gains are different. It is worth noting that in our experiment, the optical power in the fiber link was attenuated to emulate the optical power degradation induced by the optical beam blockage, and hence, the different optical wireless channel gains (i.e., h o_w_c 1 = h o_w_c 2 ) in the previous analysis are equivalent to the different fiber link gains (i.e., h o_f 1 = h o_f 2 ). The reason for this equivalent analysis is that the received optical power variation is caused by varying the transmission optical power allocations, and this received power can be rewritten from (1) as 
where h e−o h o_w_ap h o−e is a constant in two channels according to the above analysis. From (7) , varying the optical wireless channel gains h o_w_c i in the experiment can be achieved by varying the fiber link gain h o_f i , and the term
is the fixed optical power from the laser source. To investigate the performance of the RC and STBC schemes in different optical beam blockage scenarios, two types of transmission power distributions are firstly studied in the two channels, i.e., with equal power distribution and with 3 dB difference in power distribution. Here, we focus on the impact of beam blockage, therefore, the two channel links are synchronized, i.e., no optical path delay. The channel gains h i were estimated via averaging the values of non-overlapped training sequences appended to the corresponding data frames for the two channels at the receiver. The BER results for the RC scheme are shown by the two blue curves in Fig. 4 (b) . It is clear that for the RC scheme, as long as the total transmitted optical powers are kept constant ( 2 1 h o_w_c i P tx i = constant), the same BER can be maintained regardless of the power distributions. This is consistent with the theory shown in Section II, since as shown by (3), the same 2 1 h o_w_c i P tx i results in the same SNR. Therefore, it can be implied that the RC scheme can alleviate optical power degradation caused by partial beam blockage via providing extra powers from another transmitter. Besides, the BER for STBC with 3 dB difference power distribution is theoretically better than STBC with equal power distribution even if the total received power 2 1 h o_w_c i P tx i remains constant. This is due to the dependence of the SNR on (6) . However, due to the small received optical power in the STBC experiment, the BER difference is difficult to observe. Therefore, it is shown in Fig. 4 (b) for the STBC scheme (two red curves), the tolerance to 3 dB difference unequal power distributions is similar to that of RC (two blue curves). In such case, more detailed investigation on the BER performance of different transmitted power distributions using STBC scheme will be studied in the following paragraph. In addition, it is clear from Fig. 4 (b) that comparing the two transmitter diversity schemes, the system with RC outperforms the STBC system by ∼2 dB in the receiver sensitivity regardless of the power distributions, and this agrees with the simulation results shown in Fig. 2 . Furthermore, it is obvious from Fig. 4 (b) that without optical beam blockage, both schemes are capable of extending the optical beam coverage at the receiver plane by steering the two optical beams [12] , [13] to different areas and adjusting the transmitted optical power levels. In this case, the receiver at different locations can either receive both transmitted signals in the beam overlapping area for diversity, or receive only one of transmitted signals in beam non-overlapping area for multiplexing [14] . It is worth noting that it is not always necessary for one receiver to be only served by one transmitter at a time, since fully link blockage is not always encountered.
Beam overlapping with spatial diversity can be an alternative, which reduces the operation of beam steering, leading to reduced system coordination complexity as well as be more tolerant to localization accuracy. To find the BER trend for the STBC scheme under constant total received power, more cases of power distributions between the two synchronized channels were investigated, and the measured BER are shown in Fig. 5 (a) . Here, in addition to the 3 dB power difference between the two channels as considered in Fig.  4 (b) , two more cases were studied, which are: 1) One transmitted power is fixed at a low level (−23.07 dBm), and the other transmitted power is increased gradually from −20.07 dBm to −17.64 dBm; 2) One transmitted power is fixed at a high level (−18.84 dBm), and the other transmitted power is decreased gradually from −20.29 dBm to −28.20 dBm. It can be seen that the worst BER is achieved with equal power distribution. The reason is discussed as follows. Fig. 5 (b) shows the sum of the measured total channel gains It can be seen that regardless of the power distribution, 2 1 h i is always proportional to 2 1 h o_w_c i P tx i , and is given by
which agrees with the equivalent model proposed in (7) . Besides, it is clear that in the experiment, Q( h 2 i ) has an approximate linear relationship with the log 10 (BER), that is
The results as shown in Fig. 5(c) and (9) match the theoretical analysis given in (4) and (6) , which show that a small variation of h 2 i leads to an approximately linear relationship with log 10 (BER). Moreover, based on the investigation of the measured channel gains as shown in Fig. 5 (b) -(c), the relationship between 2 1 h i and Q( h 2 i ) is depicted in Fig. 5 (d) , which roughly follows the BER trend in Fig. 5 (a) , thus validating the above analysis. In addition, from Fig. 5 (a) , it is indicated that the equal transmitted optical power distribution in the STBC scheme results in the worst BER performance. That is because that equal transmitted power distribution leads to identical channel gains h 1 = h 2 , and hence from Fig. 5 (d) , the value of Q( h 2 i ) is the maximum (i.e., minimum h 2 i ), which leads to the worst BER performance. Due to user mobility, it is very likely that the two optical channels have different path lengths, which results in the optical delay in received signals and imperfect synthronisation. As discussed above, less than one-bit interval optical delay is investigated in this paper on the RC and STBC schemes since more than one-bit interval delay can be tackled by channel training. Here, this optical delay within one-bit interval was emulated by changing the controllable optical delay line at one of the transimitters. The transmitted data rate was kept at 10 Gb/s with OOK modulation, and the sampling rate of the DSO at the receiver was 40 GS/s with oversampling factor = 4. The measured BER performance is shown in Fig. 6 , where x/5 (x = 1, 2 or 3) optical delay was measured to better illustrate the BER trend in the neighborhood of 1/2 bit optical delay. It can be seen from Fig. 6 that within 3/5 bit optical delay, both RC and STBC schemes can keep an adequate communication link performance, with a faster BER deterioration speed at higher optical delays. This is because for the OOK modulation without extra guard intervals or pulse shaping, the two transmission signals will always overlap in the DSO (oversampling factor = 4) within 3/5 bit delay. Fig. 7 shows the schematic diagram of how the DSO oversamples each bit. Note that noise is not considered here for better illustration. It can be seen that for each four oversampling values in one-bit interval, the second and third values provide better approximation to the true value of the bit, as shown in the red dash box in Fig. 7 . When the optical delay is increased, the sampled received signals are subjected to larger deviation from the true value of the synchronized signals, resulting in a faster BER deterioration, especially when the delay is larger than 1/2 bit (the second and third oversampled value of the two transmitted signals are not overlapped). Besides, it is worth noting that, for the STBC scheme, when the delay between two channels increases, the BER performance degradation is slightly faster compared to that of RC. This is due to the coding and decoding principles of the real-valued Alamouti-type STBC, three signal levels exist upon detection decision rather than two signal levels in the RC scheme, as illustrated in Fig. 8 . Therefore, the probability of decision error is larger in the STBC scheme for delayed signals.
Based on the above analysis, it is clear that with a fixed total received optical power, the RC scheme has the same BER performance regardless of the power distribution between two channels, and it outperforms the STBC scheme where the BER performance varies with the power distribution. The experimental results agree well with the theoretical framework developed in Section II. Besides, when the optical delay within one-bit interval exists, RC also outperforms STBC with better receiver sensitivity and slower BER performance degradation.
IV. CONCLUSION
We have investigated the RC and STBC schemes in a 2 × 1 MISO indoor OWC system as potential transmitter diversity techniques to reduce the impact of optical beam blockage in OWC links. We have evaluated the channel gain components and studied the theoretical model to analyse the relationships between the channel gains, the received optical power and the BER performance. The proposed theoretical models are then validated by proof-of-concept experiments. We have investigated BER results of the RC and STBC schemes under different optical beam blockages emulated by different transmitted power distributions. Furthremore, we have also studied the impact of optical delay within one-bit interval caused by the difference in optical channel path for both RC and STBC schemes. OOK transmission results show that, both RC and STBC schemes exhibit typical gradual drops in BER for delay levels below 3/5-bit interval (oversampling factor = 4), and that the linear addition of channel gains in the RC scheme outperforms the root-sum-square of channel gains in the STBC scheme with regards to BER. Future research will focus on the investigation of the delay-tolerant coding schemes to combat optical delay with more than one-bit interval to achieve more robust transmitter diversity, and multiple transmitters configurations to provide large-scale transmitter diversity.
